Introduction {#s1}
============

Animal cells within a tissue often display a striking uniformity in cell size ([@bib19]; [@bib33]). What are the mechanisms that ensure a single common target size for the numerous individual cells within a tissue? In other words, how is size variability suppressed? To date, most attempts to address this question have focused on the so-called cell size checkpoint -- a mode of regulation that inhibits cell cycle progression for cells that are smaller than a target size ([@bib65]; [@bib41]).

In 1965, Killander and Zetterberg showed that populations of cultured mouse fibroblasts that are born small compensate with longer periods of growth in the G1 phase of cell cycle ([@bib28]). This suggests a model whereby size checkpoints selectively delay G1 progression of small cells, resulting in a negative correlation of birth size and G1 length. Following Zetterberg's early studies, additional evidence for size checkpoints in animal cells have been published by several other groups ([@bib54]; [@bib9]; [@bib17]; [@bib13]; [@bib60]; [@bib25]). Nevertheless, there remained skepticism regarding the existence of a coordination between cell size and cell cycle in animal cells ([@bib33]). This skepticism was largely, but not exclusively, owed to studies on Schwann cells which showed that growth and division can be influenced separately by different types of extracellular factors ([@bib6]; [@bib44]). For a more comprehensive discussion of these disputes, see [@bib33]).

A more substantial body of research on cell size checkpoints is found in studies on yeast ([@bib48]). In 1977, evidence supporting the existence of size checkpoints were demonstrated in both budding and fission yeast ([@bib14]; [@bib24]). One point of difference between the two yeast species is that, while budding yeast compensates for smaller birth size by extending the duration of G1, fission yeast predominately (but not exclusively) employs a compensatory lengthening of G2. Nevertheless, the control mechanisms are similar: size uniformity is promoted by a mechanism that establishes a negative correlation between cell size and the duration of cell cycle. In fact, similar size-dependent regulation of cell cycle duration has also been discovered in bacteria ([@bib63]) and plants ([@bib53]).

How is cell size sensed and communicated to the cell cycle machinery? Two general class of models have been proposed: a geometric model and a titration model ([@bib65]). The geometric mechanism is, perhaps, best exemplified by a series of studies relating size of fission yeast to the localized activity of two proteins, Pom1 and Cdr2 ([@bib36]; [@bib40]). In fission yeast *S. pombe*, Pom1 forms polar cortical gradients along the cell, peaking at the cell tips, while Cdr2 is localized to a medial band of cortical nodes. While still controversial ([@bib64]), the suggestion is that inhibitory signals from the pole-localizing Pom1 declines as cell grow longer, allowing activation of Cdr2 and entry into mitosis. Several alternate geometric models of size sensing have been proposed and are reviewed in [@bib65]). In addition to the geometric models, several titration models have been proposed in budding yeast *S. cerevisiae.* These models have focused on the G1 cyclin Cln3 and cell cycle inhibitor Whi5 as genetic perturbations of either genes significantly affects cell size ([@bib12]; [@bib7]). During G1, it was suggested that level of G1/S promoters such as Cln3 increase, while concentration of cell cycle inhibitors such as Whi5 decease due to dilution by growth of cell volume ([@bib61]; [@bib52]). These effects jointly determine the timing of S phase entry and cell size.

Despite the various models of mechanisms that correlate cell size and G1 length, a perturbation that breaks this correlation has not yet been reported. In the present study, we relied on a chemical screen which identified that in animal cells, inhibition of the p38 MAPK pathway results in loss of the coordination between size and G1 length. The mammalian p38 MAPK pathway participates in numerous biological processes, including the regulation of cell cycle checkpoints. In response to DNA damage or oxidative stress, p38 is activated and induces a cell cycle arrest ([@bib57]; [@bib1]). Hyperosmotic conditions that shrink cell volume also strongly activate p38 ([@bib23]; [@bib39]; [@bib42]). Furthermore, upregulation of the p38 MAPK pathway can lead to increased cell size ([@bib5]; [@bib29]; [@bib38]; [@bib34]; [@bib8]). These observations raise the possibility that p38 may function to regulate cell size checkpoints in animal cells.

Results {#s2}
=======

A small molecule screen designed to perturb the coordination of cell size and cell cycle stage {#s2-1}
----------------------------------------------------------------------------------------------

To identify the molecular pathways linking cell size and cell cycle progression, we searched for perturbations that disrupt this link. We screened two compound libraries, known as the Novartis MOA (Mechanism-of-Action) box and Kinome box, which together included over 3000 compounds. The MOA Box contains an annotated list of compounds that are dynamically managed and curated to maximize coverage of targets, pathways, and bioactivity space ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}). The MoA library was specifically designed to facilitate biological discovery by screening and profiling experiments. The Kinome Box is a library containing a wide range of kinase inhibitors that were selected based on their efficiency and specificity (primary targets IC50 \<1 μM,\<25 total targets). Uniquely, all compounds included in our screen are ones that are thoroughly annotated not only for their primary targets but also the lower affinity targets (off-targets). The advantage of this is that phenotypes associated with compound treatments can be statistically associated with particular signaling pathways despite the off-target effects that are inevitably associated with screened chemicals (see Materials and methods - Analysis of the compound screen).

To initiate the screen, unsynchronized HeLa cells were treated with compounds for 24 hr. After the compound treatments, we used a four-color labeling strategy to measure both cell size and cell cycle stage of each individual cell in each of the screened conditions. A combination of three labels (DAPI and the two FUCCI cell cycle reporters, mAG-hGem and mKO2-hCdt1) were used to report cell cycle stage. While mAG-hGem and mKO2-hCdt1 report progression through G1 ([@bib49]), DAPI labels progression through S phase. To measure cell size, we stained the cells with Alexa Fluor conjugated succinimidyl ester (SE) as a fourth color label. SE is a protein dye that accurately quantifies the total macromolecular protein mass in single cells and correlates with a cell's dry mass ([@bib25]).

Following compound treatments and the four-color labeling procedure, samples were imaged with fluorescence microscopy and images were processed with an automated image-processing pipeline that we developed to quantify fluorescence intensity per single cell ([Figure 1A](#fig1){ref-type="fig"}). With this screen assay, each drug treatment yielded a multi-dimensional joint distribution of cell size and cell cycle stage ([Figure 1B](#fig1){ref-type="fig"}). To simplify the analysis, we used this data to classify cells from each of the screened conditions into discrete cell cycle stages ([Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}). In the end, this procedure resulted with detailed data on how each of the screened compounds influences cell count, average cell size, and size variability in each of the separate cell cycle stages.

![Results from a small molecule screen implicate the p38 MAPK pathway in the coordination of cell size and progression through G1.\
(**A**) A flowchart of the chemical screen demonstrating the major steps. (**B**) Raw data of cell size and cell cycle stage measured from a single control well in the screen. The scatter plot represents single-cell measurements of cell size and three markers of cell cycle stage; Cdt1 (mKO2-hCdt1), Geminin (mAG-hGem) and DNA (DAPI). Every point in the plot represents measurements on one single cell. Cell size is represented by a color scheme depicted by the colorbar on the right. White arrows are added to guide the reader along the cell cycle trajectory. (**C**) Average size of early G1 cells is negatively correlated with the fraction of cells in early G1. The scatterplot displays the result from one example 384-well plate. Each point on the plot corresponds to one particular screened condition (screened compound or control), and represents the average size of early G1 cells in that condition versus the proportion of cells in G1. Red circles highlight the conditions that significantly affect the size of early G1 cells and/or the proportion of cells in G1. The arrows designate examples of on-axis and off-axis compounds (also see [Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}). (**D**) Distribution of correlation coefficients between average size of early G1 cells and the fraction of cells in G1, calculated for all screened plates (as described in Materials and methods - Analysis of the compound screen), demonstrating that the two variables are significantly negatively correlated (p\<10^−16^). (**E, F**) Ranked p-values from the target enrichment analysis of on-axis and off-axis compounds, respectively (Fisher's exact test). Components of the mTOR pathway and p38 MAPK pathway, which are highlighted, are among the top-ranked hits of on-axis and off-axis phenotypes, respectively. The Matlab script used to perform the target enrichment analysis is presented in [Figure 1---source code 1](#fig1scode1){ref-type="supplementary-material"}.\
10.7554/eLife.26947.009Figure 1---source data 1.The screen metadata used to identify on-axis and off-axis outliers.\
10.7554/eLife.26947.010Figure 1---source data 2.The analysis script to visualize on-axis and off-axis outliers using [Figure 1---source data 1](#fig1sdata1){ref-type="supplementary-material"}.\
10.7554/eLife.26947.011Figure 1---source code 1.The Matlab script used to perform the target enrichment analysis.](elife-26947-fig1){#fig1}

Screen hits are classified into *on-axis* and *off-axis* compounds {#s2-2}
------------------------------------------------------------------

In an unsynchronized population, the proportion of cells in a particular cell cycle stage reflects the duration of that stage relative to the entire cell cycle ([@bib25]). Plotting the proportion of cells in early G1, from each of the screened conditions, against the average size of early G1 cells, revealed a negative correlation between the two quantities ([Figure 1C and D](#fig1){ref-type="fig"}). Chemical treatments that reduced the size of early G1 cells typically resulted in larger proportions of cells in G1, suggesting that the duration of G1 depends on a cell's initial size. To confirm this possibility, we used time-lapse microscopy to track nuclear size of live cells, which reaffirmed that cells born with smaller nucleus spend longer times in G1 (Figure 3G). In an accompanying manuscript authored by Ginzberg et al. ([@bib18]), we demonstrate that nuclear size is a faithful proxy of cell size. Altogether, these results support the hypothesis that G1 length is regulated in a size-dependent manner to promote uniformity among cells.

To investigate the pathways that link cell size and G1 length, we assembled the list of compounds that altered average cell size, the fraction of cells in G1, or both (i.e. outliers on the plot in [Figure 1C](#fig1){ref-type="fig"} and [Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}, see Materials and methods - Analysis of the compound screen). We then sorted these 'hits' into two different categories. The first, which we call *on-axis* compounds, consisted of compounds that perturbed both cell size and the proportion of cells in G1, but did so in a manner that maintained the coordination between the two. In other words, on-axis compounds produced reciprocally correlated influences on cell size and the fraction of cells in G1. The second category of hits, which we call *off-axis* compounds, are compounds that disproportionally affected either size or cell cycle progression. Off-axis compounds resulted in paired values of cell size and G1 fraction that lie off-axis to the trend defined by the majority of screened conditions in [Figure 1C](#fig1){ref-type="fig"}. We reasoned that off-axis compounds may function by perturbing mechanisms that coordinate cell size with G1 length.

Analysis of off-axis compounds suggests that p38 plays a role in the coordination cell size and G1 length {#s2-3}
---------------------------------------------------------------------------------------------------------

To identify the pathways associated with either the off-axis or on-axis phenotypes, we used the compound annotations to perform target-enrichment analysis with Fisher's exact test (see Materials and methods -Analysis of the compound screen). Specifically, we sought proteins and pathways that are significantly overrepresented in the combined target list of either the on-axis or off-axis compounds. This analysis avoids the risk of formulating a hypothesis based on a single compound. Interestingly, we found that the proteins most frequently targeted by the on-axis compounds are PI3K, Akt and mTOR ([Figure 1E](#fig1){ref-type="fig"}). This suggests that while the PI3K/Akt/mTOR pathway regulates cell size, this pathway is not involved in the coordination of cell size and the length of G1.

By contrast, the MAP Kinases are highly enriched among the targets of off-axis compounds ([Figure 1F](#fig1){ref-type="fig"}). Notably, multiple components of the p38 MAPK pathway, including p38α(MAPK14), MK2 (MAPKAPK2, a direct substrate of p38) and TAK1 (MAP3K7, an essential upstream activator of p38) are ranked in the top 1% of significant targets (p-value\<0.01). Over 35 compounds that target p38 pathway components, highlighted in [Figure 1F](#fig1){ref-type="fig"}, consistently displayed an off-axis phenotype. This suggests that the p38 pathway is involved in the coordination of G1 length with cell size.

As an additional test for pathways that control cell size, we ranked compounds based on their influence on cell size variability ([Figure 1---figure supplements 4](#fig1s4){ref-type="fig"} and [5](#fig1s5){ref-type="fig"}). Using a similar target-enrichment approach, we generated a list of candidate proteins whose inhibition is associated with increased variation of cell size. This analysis showed that compounds that target p38 pathway components are associated with increased cell size variability. Notably, MK2, a downstream substrate of p38 was the highest-ranking target in this list. These results hint that p38 pathway may coordinate cell size with progression through G1 in a manner that promotes cell size uniformity.

Inhibition of p38 disturbs the coordination of cell size and G1 length {#s2-4}
----------------------------------------------------------------------

To test whether the p38 MAPK pathway coordinates G1 length with cell size, we developed a robust assay to quantify this coordination in non-cancerous RPE1 cells ([Figure 2A](#fig2){ref-type="fig"}). The mTOR inhibitor, rapamycin, is an on-axis compound that perturbs cell size while maintaining the coordination of size with G1 length. As demonstrated by live-cell imaging, treatment with 5 nM rapamycin slows cellular growth rates by almost half ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). However, as seen in [Figure 3C and D](#fig3){ref-type="fig"}, this reduced growth causes only a slight decrease in cell size as its effect is largely buffered by an increased cell cycle duration. This phenomenon is further characterized in [@bib18].

![Pharmacological inhibition of the p38 MAPK pathway disrupts the coordination of cell size and G1 length.\
(**A**) Quantifying the coordination of cell size and G1 length. Samples of unsynchronized cells were treated with increasing concentrations of rapamycin (a rapamycin concentration series: 0, 0.03, 0.3, 3 and 30 nM) for a period of 24 hr, and then stained and imaged to quantify cell size and cell cycle stage on a single-cell basis. Each data point (circle) corresponds to a different concentration of rapamycin and shows the average size of early G1 cells and the proportion of cells in G1 resulting from that treatment. Populations treated with higher concentrations of rapamycin had smaller cells and higher fractions of cells in G1, resulting in a robust negative correlation. Rapamycin concentrations are redundantly represented by both the size of the circles and their color, as shown in the colorbar. The small white circles represent control populations that were treated with DMSO, rather than rapamycin. Calculation of the average size and the proportion of G1 cells, in each of the represented samples, was performed by classifying single cells into cell cycle stage as depicted in [Figure 1B](#fig1){ref-type="fig"}. Each data point was measured from an unsynchronized population with a minimum of 7000 cells. Additional details on the experiment and analysis is provided in the Materials and methods section. (**B**) The experiment described in panel A is repeated with (red) or without (blue) a chemical inhibitor of p38 (SB203580, 5 μM). The negative correlation between the size of early G1 cells and the proportion of cells in G1 is apparent in populations not treated with SB203580 (blue) but not in the populations that are treated with SB203580. The blue and red trend lines represent linear regressions. (**C**) Western-blots of whole cell lysates from populations that were treated with different combinations of SB203580, rapamycin and Torin-2. The experimental procedure used here are the same as those used to generate the data shown in panel A and B. The increased levels of phopho-p38 in the population that is treated with SB203580 (a p38 inhibitor) should not be interpreted as a lack of efficacy of SB203580. Rather, these higher levels of phopho-p38 are explained by a negative feedback in the p38 pathway ([@bib2]), and the fact that while p38 inhibitors prevent p-p38 from phosphorylating its downstream substrates, these inhibitors do not block phosphorylation of p38 itself by upstream regulators ([@bib30]). (**D**) Inhibition of the p38 MAPK pathway, but not the MAPK/ERK or SAPK/JNK pathways, disrupts the correlation between the average size of early G1 cells and the proportion of cells in G1. Results were obtained with the same assay used to create panel A and B. Larger circle size indicates higher rapamycin concentration. The rapamycin concentration series includes: 0, 0.03, 0.1, 0.3, 3 and 30 nM. The results shown here are representative of three independent experiments. (**E**) Fitted slopes corresponding to the trends shown in [Figure 2D](#fig2){ref-type="fig"}. Error bars represent 90% confidence intervals. For each compound treatment, its fitted slope is compared with the slope of the control (DMSO) from the same experiment. Significance was calculated with one-tailed Student's *t*-test (H~0~: slope~drug~ \<= slope~control~). The meta data and source code used for this analysis and visualization of results is presented in [Figure 2---source data 1](#fig2sdata1){ref-type="supplementary-material"}.\
10.7554/eLife.26947.017Figure 2---source data 1.Measurements of cell size and cell cycle stages from the chemical inhibitor experiments as shown in [Figure 2D](#fig2){ref-type="fig"}, [Figure 2---figure supplements 2](#fig2s2){ref-type="fig"} and [3](#fig2s3){ref-type="fig"}. ](elife-26947-fig2){#fig2}

![Inhibition of p38 weakens the coordination of cell size and G1 length at a single-cell level.\
(**A**) Live cells subject to p38 inhibition (SB203580) or to mTORC1 inhibition (rapamycin) were followed with time-lapse microscopy to monitor proliferation over a period of 50 hr. mTOR inhibition significantly slowed rates of proliferation, while p38 inhibition increased rates of proliferation. (**B**) As an alternative method to assay cell cycle lengths, populations of cells were treated with p38 inhibitors and samples were fixed every 20 hr over a period of 3 days (see Materials and methods -Estimation of cell proliferation durations and growth rate from bulk measurements). Proportion of cells in the different cell cycle stages, in each of the collected samples, were calculated based on the cell cycle indicators depicted in [Figure 1B](#fig1){ref-type="fig"}. Consistently, p38 inhibitors accelerate proliferation by shortening the duration of G1 but not the durations of S or G2 (also see [Figure 3---figure supplement 3](#fig3s3){ref-type="fig"}). The meta data and source code used for this cell cycle analysis is presented in [Figure 3---source data 1](#fig3sdata1){ref-type="supplementary-material"}. (**C--F**) Live cells were imaged by time-lapse microscopy for a period of 50 hr to obtain growth trajectories of single cells over the course of their entire cell cycle. Computer generated image processing and cell tracking were performed, as described in Materials and methods - Automated lineage tracking and analysis, to obtain single cell growth curves. Nuclear size was used as a proxy of cell size, as has been validated in [@bib18]. Cells that were successfully tracked throughout their entire cell cycle were collected to calculate the cell cycle durations and cell size dynamics. (**G--I**) Scatterplots displaying relationship between nuclear size at birth and G1 duration for individual cells that are subject to chemical inhibition of p38 (**H**), chemical inhibition of mTOR (**I**), and a control population treated with DMSO (**G**). Every single point corresponds to the birth size and G1 length of a single live cell that was followed by time-lapse microscopy. Also shown are means and errorbars (SEM) of average G1 length calculated for different cell size bins. The dashed line shows the result of linear regression with the binned data. (**J**) Slopes obtained by the linear regression shown in (**G--I**) Error bars indicate 95% confidence bounds. The results shown here are representative of two independent experiments. The single-cell tracking data from the live-cell imaging experiments and the source code for analysis and visualization of the results is presented in [Figure 3---source data 2](#fig3sdata2){ref-type="supplementary-material"}.\
10.7554/eLife.26947.022Figure 3---source data 1.Estimation of cell cycle duration and growth rate from bulk measurements of fixed cell populations.\
10.7554/eLife.26947.023Figure 3---source data 2.Measurements of single-cell dynamics of cell size captured by live-cell imaging.](elife-26947-fig3){#fig3}

To quantify the strength of coordination between cell size and G1 length, we treated unsynchronized populations with a series of concentrations of rapamycin (see Materials and methods --Compound treatment). As shown in [Figure 2A](#fig2){ref-type="fig"}, higher concentrations of rapamycin result in smaller G1 cells and longer durations of G1. This experimental procedure reveals a robust and reproducible negative correlation between cell size and G1 length ([Figure 2A](#fig2){ref-type="fig"}). We then used this assay to test if p38 is required for the negative correlation of cell size with G1 length. We examined a panel of specific inhibitors against MAPK pathways (see Materials and methods --Compound treatment) and tested whether any of these inhibitors break the negative correlation induced by the rapamycin concentration series. Our results show that, consistently, inhibitors of p38 disrupt the negative correlation of size and the proportion of cells in G1 ([Figure 2B--E](#fig2){ref-type="fig"}, [Figure 2---figure supplements 1](#fig2s1){ref-type="fig"}, [2](#fig2s2){ref-type="fig"} and [3](#fig2s3){ref-type="fig"}). This result was observed with multiple chemical inhibitors of p38 that are distinct in chemical structure ([@bib16]), making it less likely that the observed phenotype is owed to off-target effects. These results strongly implicate the p38 pathway in the coordination of G1 length with cell size. By contrast, inhibitors of JNK or ERK/MEK, do not significantly weaken the correlation of size and G1 length. Instead, these inhibitors shift the correlation to larger or smaller values of cell size ([Figure 2D and E](#fig2){ref-type="fig"}).

To further examine the involvement of p38 in the coordination between size and G1 length, we used time-lapse microscopy to track live cells and directly correlate their G1 length and birth size. Consistent with the conclusions of the bulk measurements, inhibition of p38 results in a weakened correlation of nucleus size and G1 length on a single-cell level ([Figure 3H and J](#fig3){ref-type="fig"}, [Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}). Also, as expected from perturbations of size checkpoints, inhibition of p38 increases the variability in cell size ([Figure 3---figure supplement 3A](#fig3s3){ref-type="fig"}). In direct contrast to the effects of p38 inhibition, treating cells with the mTOR inhibitor, rapamycin, seems to strengthen the correlation of size and G1 length ([Figure 3I](#fig3){ref-type="fig"}). One possible reason for this is that, by shrinking cells, rapamycin subjects a greater proportion of cells to the control of a size checkpoint.

In addition to weakening the correlation of G1 length and cell size, p38 inhibitors also cause a reduction in average cell size ([Figure 2B and D](#fig2){ref-type="fig"}). To understand this cell shrinkage, we performed two sets of complementary measurements, both aimed at examining the influence of p38 inhibition on cell growth and cell cycle progression. In the first set of measurements, we used time-lapse microscopy to collect proliferation curves and growth curves of single cells throughout their entire cell cycle. Imaged cells expressed mAG-hGem, a cell cycle reporter ([@bib49]), enabling accurate detection of the G1/S transition (see Materials and methods - Automated lineage tracking). In the second set of measurements, we performed time-course experiments to periodically collect samples of unsynchronized proliferating cells. For each collected sample, we measured the total bulk protein mass and total cell count, which were then used to estimate the average rate of cell growth and the average rate of cell division (see Materials and methods - Estimation of cell cycle durations and growth rate from bulk measurements).

As shown in [Figure 3](#fig3){ref-type="fig"}, p38 inhibition results in shorter cell cycles ([Figure 3B and D](#fig3){ref-type="fig"}, [Figure 3---figure supplement 3B](#fig3s3){ref-type="fig"}), with a consequential increase in rates of cell division ([Figure 3A](#fig3){ref-type="fig"}). In addition, the results show that the shortened cell cycle length caused by p38 inhibitors is owed to a decrease in G1 length ([Figure 3E](#fig3){ref-type="fig"} and [Figure 3---figure supplement 3C](#fig3s3){ref-type="fig"}) with no significant changes in the lengths of S or G2 phases ([Figure 3F](#fig3){ref-type="fig"}, [Figure 3---figure supplement 3D E](#fig3s3){ref-type="fig"}). At G1/S transition, cells subject to p38 inhibition have smaller nucleus size as compared to control ([Figure 3C](#fig3){ref-type="fig"}). This decrease in cell size is caused by a shorter growth duration (in G1) rather than a slower growth rate. This conclusion is independently demonstrated by each of the two experiments described above, both showing similar growth rates for p38-inhibited cells and control cells ([Figure 3---figure supplement 3F](#fig3s3){ref-type="fig"}, [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). Altogether, this suggests that the p38 pathway mediates a cell size checkpoint at the G1 transition, selectively allowing large but not small cells to progress into S phase. Potentially, this model also explains why p38 inhibitors reduce cell size. By disrupting the cell size checkpoint, p38 inhibitors cause cells to progress through the G1/S transition with prematurely small size, causing an overall reduction in cell size.

Genetic knockdown of p38 pathway components disturbs the coordination of cell size and G1 length {#s2-5}
------------------------------------------------------------------------------------------------

Mammalians have four isoforms of p38 MAPK (p38α, p38β, p38γ and p38δ). Using the same assay described in [Figure 2A](#fig2){ref-type="fig"}, we examined how knockdown of the p38 MAPKs affects the coordination of cell size and G1 length. Interestingly, using siRNA to knockdown p38γ or p38δ, significantly weakens or eliminates the negative correlation between cell size and proportion of cells in G1, while knockdown of p38α and p38β only partially weakens this correlation ([Figure 4A and B](#fig4){ref-type="fig"}, [Figure 4---figure supplements 1](#fig4s1){ref-type="fig"} and [2](#fig4s2){ref-type="fig"}). Faced with this result, one may wonder why chemical inhibitors of p38α had such a dramatic influence on a coordination that is mediated primarily by p38γ and p38δ? As shown in two comprehensive studies ([@bib11]; [@bib27]), two of tested p38 inhibitors (SB203580 and BIRB-796) also target p38γ and/or p38δ ([Figure 4---source data 1](#fig4sdata1){ref-type="supplementary-material"}) at their working concentrations ([Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}). Combined with the siRNA knockdown of the p38 isoforms, it suggests that the coordination between cell size and G1 progression is mainly mediated through p38γ and p38δ.

![Knockdown of p38 pathway components disturbs the negative correlation between cell size and proportion of cells in G1.\
Cells were transfected with siRNA as indicated and subsequently assayed with a rapamycin concentration series (0, 0.03, 0.1, 0.3, 3 and 30 nM) as described in [Figure 2A](#fig2){ref-type="fig"} to assay the correlation of size and G1 length. Larger circle size indicates higher concentrations of rapamycin. (**A**) Knocking down p38α/βpartially weakens the negative correlation between cell size and proportion of cells in G1, while knockdown of p38γ/δ drastically disturbs the correlation. (**C**) The negative correlation between cell size and proportion of cells in G1 is disturbed when cells are transfected with siRNA against MKK3/4/6 but not MKK7. Each data point in [Figure 4A and C](#fig4){ref-type="fig"} is measured on an unsynchronized population with a minimum of 3000 cells. The results shown in [Figure 4A and C](#fig4){ref-type="fig"} are representative of two and three independent experiments with duplicates or triplicates. (**B, D**) Fitted slopes of the trends shown in [Figure 4A and C](#fig4){ref-type="fig"}. Error bars indicate 90% confidence intervals. Analysis is performed with the same method as indicated in [Figure 2E](#fig2){ref-type="fig"}. The meta data and source code to analyze and visualize the genetic knock down results is presented in [Figure 4---source data 1](#fig4sdata1){ref-type="supplementary-material"}.\
10.7554/eLife.26947.027Figure 4---source data 1.Binding activity (Kd's in nM) of the p38 inhibitors used in the study against each of the p38 isoforms.Kd values in the table were extracted from [@bib11]). As marked in that paper, blank fields indicate combinations that were tested, but for which binding was weak (Kd \>10 μM), or not detected in a 10 μM primary screen.\
10.7554/eLife.26947.028Figure 4---source data 2.Measurements of cell size and cell cycle stage from the knockdown experiments as shown in [Figure 4](#fig4){ref-type="fig"}.](elife-26947-fig4){#fig4}

An additional difference between the chemical and genetic inhibition of p38 is a greater reduction in cell size that results from the chemical inhibition. A possible explanation for this difference is the lower specificity of chemical inhibitors as compared to genetic perturbations. Functional redundancy of the different p38 isoforms, for example, can partially compensate siRNA treatments but not pharmacological perturbations. Alternatively, it may be that transfection with siRNA activates nonspecific cellular responses, such as upregulation of innate immune pathways, that lead to an increase in size ([@bib55]; [@bib35]; [@bib21]). Nonetheless, these results collectively demonstrate that both chemical and genetic inhibition of p38 activity result in loss of coordination between cell size and G1 length.

To further test the relationship of p38 and the control of cell size, we used siRNA to perturb the activity of MKK3/6/4, which are upstream activators of the p38 pathway. As a control, we also knocked down MKK7, an upstream regulator of JNK. Consistent with the results of the chemical inhibitors, knocking down either MKK3, MKK6 or MKK4 disturbs the negative correlation between cell size and proportion of cells in G1 ([Figure 4C and D](#fig4){ref-type="fig"}, [Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}). By contrast, knocking down MKK7 leaves the coordination of G1 and cell size intact. This result further supports a model whereby the coordination of cell size and cell cycle is specific to p38 and not the other MAPK pathways.

p38 mediates the size-dependent G1 length extension by influencing G1/S regulators {#s2-6}
----------------------------------------------------------------------------------

The p38 MAPK pathway mediates cell cycle checkpoints by modulating multiple cell cycle regulators including cyclin D, cyclin E, p53 and CDC25 ([@bib57]; [@bib32]; [@bib37]; [@bib66]). To test the mechanisms of the p38-mediated cell size checkpoint, we treated cells with inhibitors of mTOR, rapamycin and Torin-2, to induce a size-dependent lengthening of G1. Several cell cycle regulators were assayed including positive indicators of G1/S transition (Cyclin D, Cyclin E, p-Rb, Cdc25A) and negative regulators of G1 progression (p27^Kip1^) ([Figure 2C](#fig2){ref-type="fig"}). Surprisingly, inhibition of p38 reversed the influence of mTOR inhibition on p27 ([Figure 2C](#fig2){ref-type="fig"}, [Figure 2---figure supplement 4](#fig2s4){ref-type="fig"}). Cells subject to mTOR inhibition display increased levels of p27, a CDK inhibitor that functions to prolong G1. By contrast, when these mTOR-inhibited cells are co-treated with inhibitors of p38, p27 levels are reduced. These results raise the intriguing possibility that the p38-dependent lengthening of G1 in small cells is mediated by the cell cycle inhibitor, p27. However, it is worth noting that, since p38 has long been implicated with the G1 arrest that follows environmental stress conditions, several different G1 regulators in addition to p27 have been previously identified as p38 effectors ([@bib57]; [@bib32]; [@bib37]; [@bib66]). It is, therefore, not unlikely that the p38 mediated G1 lengthening is redundantly mediated by multiple effectors, making this connection an intriguing subject for future investiations.

Cell-size-dependent activation of the p38 pathway {#s2-7}
-------------------------------------------------

The model suggesting that p38 regulates a cell size checkpoint is contingent on the hypothesis that the activity of the p38 MAPK pathway is somehow dependent on cell size. [Figure 2C](#fig2){ref-type="fig"} shows that p38 is, indeed, activated when cell size is decreased by inhibition of mTOR. While this result is consistent with size-dependent p38 activation, it could also have an alternative explanation. Namely, it may be that p38 is directly activated by molecular signals resulting from mTOR inhibition, in a manner that is independent of the influence of mTOR on cell size. To test this possibility, we relied on the difference in the time scales associated with cell growth and the time scales associated with mTOR activity. As shown in [Figure 5A](#fig5){ref-type="fig"}, we designed a 'size-recovery experiment' in which cells were released from a 20 hr Torin-2-mediated inhibition of mTOR and allowed to recover in size. The prolonged mTOR inhibition reduced average cell size by over 15%. Note that cells subject to Torin-2 treatment were still cycling ([Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}). When Torin-2 is washed out, mTOR activity is restored within 1 hr ([Figure 5B](#fig5){ref-type="fig"}), whereas recovery of cell size proceeds slowly, over a period of 14 hr. This experimental design provides an opportunity to observe cells that are smaller than their target size, but have long been relived from mTOR inhibition ([Figure 5B](#fig5){ref-type="fig"}). Western-blots of lysates from cells during the recovery phase show that the p38 MAPK remains upregulated long after mTOR has resumed normal levels of activity ([Figure 5B](#fig5){ref-type="fig"}) and that the dynamics of p38 activity mirror the dynamics of the recovery of cell size rather than the recovery of mTOR activity.

![The p38 MAPK pathway is selectively upregulated in small cells.\
(**A**) Cells were treated with either 50 nM of Torin-2 or DMSO (control) for 20 hr, followed by drug wash-out and media replacement. Cells undergoing mTOR inhibition, on average, decrease in size and slow their proliferation rate. Following release from mTOR inhibition, cells grow but maintain a low proliferation rate until their normal size is reached. Cells resume a wild type rate of proliferation only when their size reaches the size of the untreated population. (**B**) Western blots of whole cell lysates collected at time points ranging from 0 to 20 hr post release from mTOR inhibition. Levels of mTOR pathway activity recover within 1 hr after Torin-2 wash-out. By contrast, activity of p38 remains upregulated in the Torin-treated cells compared with controls, and gradually fades away only as cells recover their wild-type size. (**C**) Cells simultaneously expressing reporters of both p38 MAPK and JNK were treated with a series of rapamycin concentrations, as in [Figure 2A](#fig2){ref-type="fig"}. Each data point (circle) corresponds to the average G1 cell size and the average level of MAPK activity (JNK and p38) that corresponds to a given concentration of rapamycin. As positive controls, we include populations that were co-treated with the p38 inhibitor, SB203580 (orange circles). Higher concentrations of rapamycin (bigger circle size) result in smaller cells with higher activity of p38 (top left panel). Unlike p38, activity of JNK was not upregulated in proportion to cell size (left bottom panel). Also shown are the correlations of MAPK activity (JNK and p38) and cell size at 6 hr post release from mTOR inhibition (right panels) (also see [Figure 5---figure supplement 2](#fig5s1){ref-type="fig"}). Each data point represents average values of cell size and MAPK activity of the G1 cells subpopulation from an unsynchronized population with a minimum of 3000 cells. Results shown here are representative of three independent experiments. The meta data and source code used to analyze and visualize the correlation between cell size and KTR readout is presented in [Figure 5---source data 1](#fig5sdata1){ref-type="supplementary-material"}. (**D**) Western-blots of whole cell lysates from samples collected at 0 or 6 hr post release from a 22 hr treatment with either 50 nM Torin-2, 1 μM cycloheximide or DMSO (control). (**E**) Western-blots of whole cell lysates from samples collected at 0 or 6 hr post release from a 30-min treatment with either 25 ng/mL anisomycin, hyperosmotic shocks (NaCl and Sucrose) or DMSO (control).\
10.7554/eLife.26947.035Figure 5---source data 1.Measurements of cell size and p38 KTR as shown in [Figure 5C](#fig5){ref-type="fig"} and [Figure 5---figure supplement 4](#fig5s4){ref-type="fig"}.](elife-26947-fig5){#fig5}

To further test whether p38 is selectively upregulated in small G1 cells, we employed a p38 Kinase Translocation Reporter (KTR) ([@bib45]) that quantitatively reports p38 activation in live cells. This assay involves a fluorescent reporter that, once phosphorylated by p38 MAPK, shuttles from the nucleus to the cytoplasm. The ratio of cytoplasmic to nuclear (C/N) fluorescence represents a quantitative measure of p38 activation (see Materials and methods -Image processing and cell segmentation). In addition to the KTR, cells were also stained with DAPI to discriminate the G1, S and G2 subpopulations.

As expected, cells treated with a p38 inhibitor display a lower C/N ratio as compared to untreated cells ([Figure 5C](#fig5){ref-type="fig"}, [Figure 5---figure supplement 2](#fig5s2){ref-type="fig"}). Using a similar assay as described in [Figure 2A](#fig2){ref-type="fig"}, cells expressing the p38 KTR were treated with increasing concentrations of rapamycin for a period of 22 hr, resulting in a dose-dependent decrease in cell size. Consistent with our hypothesis, decreases in cell size lead to upregulated p38 activity ([Figure 5C](#fig5){ref-type="fig"}, [Figure 5---figure supplements 2](#fig5s2){ref-type="fig"},[3](#fig5s3){ref-type="fig"}). To exclude the possibility that differences in KTR localization are a direct result of mTOR inhibition rather than the influence of mTOR inhibition on cell size, we also performed measurements on cells six hours after the mTOR inhibitor was washed out. Confirming our hypothesis, the negative correlation of cell size and p38 activity persists for at least 6 hr after cells are released from mTOR inhibition, long after normal mTOR activity is resumed. Interestingly, in cells released from mTOR inhibition, p38 activity correlates with cell size only in G1, but not in S or G2 ([Figure 5---figure supplement 4](#fig5s4){ref-type="fig"}). This result is consistent with a model whereby size-dependent p38 activity regulates the G1/S transition. As an additional control, we expressed dual color KTRs in the cells, reporting the activity of both p38 and JNK. These measurements showed that while p38 activity is negatively correlated with cell size, JNK activity is not ([Figure 5C](#fig5){ref-type="fig"}).

The sustained p38 activity, which proceeds hours after mTOR activity has resumed normal levels of activity, supports the hypothesis that it is the reduction in cell size and not inhibition of mTOR that activates p38. However, an alternative possibility is that the sustained p38 activity is due to intrinsically slow inactivation kinetics of the p38 pathway, in a manner that is independent of cell size. To test this possibility, we exposed cells to short treatment of anisomycin or hyperosmotic shock, both of which strongly activate p38 ([Figure 5E](#fig5){ref-type="fig"}) without interfering with cell mass. Note although hyperosmotic shock does reduce cell volume, it does not reduce cell mass. Cell mass is the product of anabolic processes, largely regulated by mTOR, that changes over time scales of hours. By contrast, cell volume is a labile phenotype that changes over short time scales and is regulated by various ion channels and transporters ([@bib31]). Further, as a complimentary approach, we exposed cells to cycloheximide, a protein-translation inhibitor that significantly reduces cell mass but does not inhibit mTOR ([Figure 5D](#fig5){ref-type="fig"}). In fact, as previously reported ([@bib3]; [@bib50]), cycloheximide activates mTOR due to increased intracellular pools of amino acids.

[Figure 5D and E](#fig5){ref-type="fig"} show that sustained p38 activity, which persists after perturbations are removed, is observed only in conditions that decreases cell size. Specifically, 6 hr after cells had been released from the chemical treatments, increased p-p38 level was observed in cells that had been treated with Torin-2 or cycloheximide ([Figure 5D](#fig5){ref-type="fig"}, [Figure 5---figure supplement 5](#fig5s5){ref-type="fig"}), while p-p38 level of cells that had been treated with anisomycin or osmotic shock was indistinguishable from control ([Figure 5E](#fig5){ref-type="fig"}). These results suggest that the sustained activity of p38 accompanying the recovery of cell size is a result of reduction in cell size rather than mTOR inhibition or slow inactivation kinetics of p38 signaling.

Inhibition of p38 represses recovery of cell size {#s2-8}
-------------------------------------------------

As a final test for the hypothesis that p38 plays a role in the maintenance of cell size, we asked if p38 activity is required for cells that are recovering from perturbations of cell size. To test this, we repeated the size recovery experiment shown in [Figure 5A](#fig5){ref-type="fig"}, in the presence or absence of several different p38 inhibitors ([Figure 6A](#fig6){ref-type="fig"}). [Figure 5A](#fig5){ref-type="fig"} shows that it takes approximately 25 hr for cells to fully recover their size following release from Torin-2 inhibition. We suspected that p38 inhibitors may either delay this process or inhibit recovery altogether. To discriminate these two options, we performed cell size measurements not only at times that fall within the normal time scales of recovery (6 hr, 24 hr), but also at time points that significantly exceed this range (30 hr, 48 hr). Indeed, our results show that even at the late time point of 48 hr after Torin washout, cell size is significantly reduced. Anecdotally, while p38 inhibition prevents the recovery in cell size at the late time points, a partial recovery is observed at 6 hr post Torin washout. This partial recovery, at early time points, is not unexpected. When cells are subject to mTOR inhibition (Torin-2), their growth rate is significantly reduced. Once mTOR inhibition has ceased, growth rate leaps back to its normal high levels, causing an immediate increase in cell size that is apparent in the early time points (6 hr post Torin-2 washout). However, to fully recover their size, cells must also lengthen the duration of growth by invoking the cell size checkpoint in G1. As our results suggest, it is this process that becomes defective when p38 is inhibited, which manifests its influence on size only at the later time points.

![Inhibition of p38, but not ERK or JNK, represses recovery of size in cells released from mTOR inhibition.\
(**A**) Workflow of the experiment. Cells were treated with 50 nM Torin-2 with or without the indicated MAPK inhibitors for 22 hr, and then released from Torin-2 while still being subject to the indicated MAPK inhibitors (red) or DMSO (blue). MAPK inhibitors were administrated at a concentration consistent with the highest corresponding concentration used in [Figure 2](#fig2){ref-type="fig"} and [Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}. At 0, 6, 24, 30 and 48 hr post release from Torin-2 treatment, samples were measured for both average cell size (B) and cell count (C). (**B**) Cells treated with DMSO (control) recovered in size within 24 hr and remained at a constant average size thereafter. Cells treated with p38 inhibitors, but not ERK or JNK inhibitors, failed to recover their size, even 48 hr post Torin-2 wash-out. This suggests that p38 inhibitors suppressed the recovery in cell size rather than slowing the kinetics associated with this process. (**C**) Cells treated with inhibitors of p38, but not inhibitors of ERK or JNK, show increased rates of proliferation as compared to control conditions, after being released from mTOR inhibition. Results shown in this figure are representative of two replicate experiments. The measurements and source code for visualization of the results is presented in [Figure 6---source data 1](#fig6sdata1){ref-type="supplementary-material"}.\
10.7554/eLife.26947.038Figure 6---source data 1.Cell size dynamics after released from mTOR inhibition.](elife-26947-fig6){#fig6}

As additional controls, we also used inhibitors against two other MAPKs, ERK and JNK. Consistent with our expectation, inhibition of JNK or ERK do not repress recovery in cell size ([Figure 6B](#fig6){ref-type="fig"}). Further, inhibition of p38 increased proliferation rates as compared to control ([Figure 6C](#fig6){ref-type="fig"}), supporting the hypothesis that p38 activation inhibits cell cycle progression of cells that are smaller than their appropriate size. Interestingly, the influence of p38 inhibition on the recovery in cell size persists long after the inhibitors are washed out ([Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}). While Torin-2-treated cells begin to recover their size immediately after mTOR inhibition is relieved, cells that are co-treated with both Torin-2 and a p38 inhibitor display a marked delay in recovery ([Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}). This delay may hint that the cell growth cycle depends on a commitment point that is cell-cycle-stage-dependent, analogous to the restriction point that regulates the cell division cycle ([@bib4]).

Discussion {#s3}
==========

It has been over five decades since the first discovery of the connection between cell size and cell cycle in mammalian cells ([@bib28]). However, the molecular mechanism underlying this coordination between size and cell cycle remained elusive. In this study, we relied on a small molecule screen to identify that the p38 MAPK pathway is involved in the coordination cell cycle progression with cell size. At the heart of our methodological approach was an analysis that identified an axis of coordination relating cell size and cell cycle progression ([Figure 1C](#fig1){ref-type="fig"}). Namely, we showed that almost all screened conditions that decrease cell size also bring about an increase in the proportion of G1 cells. Based on this, we classified the screen hits into two categories: on-axis compounds and off-axis compounds. Compounds that perturb cell size or cell cycle progression but maintain a coordination between the two were called on-axis compounds. By contrast, compounds that disrupt the coordination of cell cycle and cell size were called off-axis compounds. p38 MAPK pathway is highly enriched for the off-axis phenotype, implicating its role in the coordination of cell size with G1 length. Follow-up experiments with specific p38 inhibitors or genetic knockdown of the pathway confirm that inhibition of p38 disturbs the coordination between size and G1 length ([Figure 2](#fig2){ref-type="fig"}, [Figure 3](#fig3){ref-type="fig"} and [Figure 4](#fig4){ref-type="fig"}). We further show that reduction in size results in upregulation of p38 activity ([Figure 5](#fig5){ref-type="fig"}), and that p38 activity is required for cells to recover their original size ([Figure 6](#fig6){ref-type="fig"}) by extending the duration of G1. By probing for the major regulators of G1-S transition, our results suggest that the cell cycle inhibitor p27 may play a role in how p38 affects cell cycle to maintain cell size uniformity ([Figure 2](#fig2){ref-type="fig"}). However, it is worth noting that, in addition to p27, previous literature has implicated several other G1 regulators as p38 effectors. It is, therefore, not unlikely that the influence of p38 on G1 length is redundantly mediated by multiple branches of signaling. In future investigations, it will be interesting to examine the specific mechanisms that explain how p38 promotes cell size uniformity and, crucially, identify how p38 'senses' cell size. Our results reveal that the p38 MAPK pathway may be involved in a 'cell-size checkpoint' that regulates G1 progression in a cell-size dependent manner. Together, this study presents the p38 MAPK pathway as a key new component of cell size control in animal cells.

Interestingly, while inhibitors of JNK or ERK/MEK also induce changes in cell size, they do not eliminate the correlation of cell size and G1 length ([Figure 2D](#fig2){ref-type="fig"}). Instead, these inhibitors shift this correlation to larger or smaller values of cell size. This may suggest that instead of disrupting a size checkpoint (as p38 inhibitors do), ERK/MEK or JNK inhibitors changed the target size with which that checkpoint is associated.

While our study focused on the correlation of cell size and G1 length, we also observed a weak negative correlation between G1 length and cellular growth rates, as measured by time-lapse microscopy, using nuclear size as a proxy of cell size ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). Such connection between cellular growth rate and G1 length has been previously reported in cultured cells with more accurate methods ([@bib56]) as well as in the context of tissues ([@bib10]). It remains to be seen whether and how the correlation of G1 length with cell size and the correlation of G1 length with growth rate are mechanistically related.

Mechanisms by which the p38 MAPK pathway regulates cell cycle progression are well-established in literature ([@bib57]; [@bib32]; [@bib37]; [@bib66]). Here, we have shown that such p38-dependent cell cycle control is regulated by cell size. Previously, it has been shown that p38 is activated by hyperosmotic conditions that shrink cell volume ([@bib23]; [@bib39]; [@bib42]). The results reported here show that the p38 pathway is activated in cells with reduced cell mass ([Figure 5](#fig5){ref-type="fig"}), suggesting that a common pathway responds to changes in both cell volume and cell mass. This finding is not trivial, since, unlike cell mass, cell volume is a labile phenotype that changes and recovers over rapid time scales (minutes) and is modulated by ion channels and transporters ([@bib31]). In contrast, cell mass changes more slowly (over hours) and is modulated by protein translation and central carbon metabolism.

Given the conclusions of our study, the influence of p38 signaling on cell size in animal models is a definite point of curiosity. While literature on cell size in animal tissues is abundant ([@bib19]; [@bib22]; [@bib33]), focus on size uniformity or size variability is quite sparse. For example, growth in cell size has been primarily associated with activity of the mTOR pathway ([@bib15]). mTOR regulates cell size by promoting protein translation and metabolism ([@bib51]), both of which translate into cellular growth rate. In this study, we observed a decrease in size following p38 inhibition. However, this reduction in size is not due to inhibition of mTOR, which would slow down cellular growth rates. Instead, p38 inhibition reduces cell size by shortening the duration of growth in G1 ([Figure 3](#fig3){ref-type="fig"}).

Defects in cell size and growth were previously implicated with genetic perturbations of p38 in mammalian tissues such as liver, bone and heart ([@bib59]; [@bib58]; [@bib20]). Since there are four isoforms of p38 in mammals, it is interesting to ask whether these isoforms are functionally diverged with respect to their influence on cell size? Our results suggest that the coordination of G1 length with cell size depend more on p38γ and p38δ and less on p38α or p38β. Interestingly, a recent study by [@bib20]) reported that mice lacking p38γ and p38δ have smaller cardiomyocytes and lower heart mass, whereas p38α knockout mice display no growth defect in heart ([@bib43]). The authors found knockout of p38γ and/or p38δ lead to higher level of mTOR inhibitor DEPTOR, resulting in lower mTOR activity. This may suggest that, in addition to extending cell cycle duration of small cells, p38 may also regulate growth in size by activating mTOR during development.

Last, while the present study focuses on p38 and its involvement in the regulation of cell size, we believe that the multi-parametric analysis developed in the context of the study have merit on its own. In the small molecule screen, every screened condition was assayed by single-cell measurements on thousands of unsynchronized cells, distributed over the entire cell cycle ([Figure 1B](#fig1){ref-type="fig"} and [Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}). This single-cell data enabled detection of compounds which affect the phenotype of interest in a cell-cycle-dependent manner. Conventionally, pharmacological screens are performed to identify compounds that inhibit a particular process or activity. By contrast, the screen strategy that we developed herein sought not to inhibit a given pathway or activity but to inhibit the coordination between two biological processes (cell size and G1 length). We envision, that such an approach may have general utility. Cancer, for example, is caused not only by the mitogenic activity of an oncogene, but also by defects in cross-talk and/or feedback linking different branches of signaling. Disrupting the coordination between such disparate branches of signaling may prove important. Finally, our phenotypic screen with a biologically-annotated set of compounds (the MOA box) demonstrates the power of applying a systematic 'forward genetics' approach to chemical biology.

To conclude, in this study, we show that p38 pathway is involved in the coordination of cell size and G1 length. Aberrantly small cells display higher levels of p38 activity and grow in G1 for longer periods of time. Inhibition of p38 MAPK leads to loss of the compensatory G1 length extension in small cells, resulting in faster proliferation, smaller cell size and increased heterogeneity in size. These results suggest a model whereby the p38 MAPK pathway functions downstream of a cell-size-sensing process and feeds information about cell size to regulators of cell cycle.

Materials and methods {#s4}
=====================

Materials {#s4-1}
---------

Succinimidyl ester conjugated to Alexa Fluor 647 and DAPI were purchased from Life Technologies (Burlington, ON). The following small molecule inhibitors were purchased from Selleckchem (Houston, TX): Rapamycin, Torin2, SB203580, VX-702, SB202190 (FHPI), BIRB 796 (Doramapimod), FR 180204, PD184352 (CI-1040), PD98059, JNK Inhibitor II, JNK Inhibitor IX. Lentiviral expression vectors encoding the JNK and p38 MAPK Kinase Translocation Reporters (KTR) were a kind gift from Markus Covert (Addgene plasmids No. 59151 and 59155). ON-TARGETplus SMARTpool siRNAs for the genes of interest as well non-targeting negative control siRNAs were obtained from Dharmacon (Lafayette, CO). Phospho-p38 MAPK (Thr180/Tyr182) antibody (RRID:[AB_2139682](https://scicrunch.org/resolver/AB_2139682)) for immunofluorescence was purchased from Cell Signaling (Beverly, MA).

Cell culture {#s4-2}
------------

HeLa (ATCC, RRID:[CVCL_0030](https://scicrunch.org/resolver/CVCL_0030)) and the retinal pigmented epithelial (RPE1, ATCC, RRID:[CVCL_4388](https://scicrunch.org/resolver/CVCL_4388)) cell lines stably expressing the degron of Geminin fused to Azami Green were cultured in DMEM medium (Life Technologies) supplemented with 10% Fetal Bovine Serum (FBS, Wisent, Montreal, QC) at 37°C in a humidified atmosphere with 5% CO~2~. RPE1 cells stably co-expressing H2B conjugated to mTurquoise and Geminin conjugated mVenus were cultured in DMEM/F12 medium (Life Technologies) supplemented with 10% FBS. RPE1 cells stably expressing the JNK or p38 MAPK KTRs were generated as described below. Briefly, Human embryonic kidney HEK293T (ATCC, RRID:[CVCL_0063](https://scicrunch.org/resolver/CVCL_0063)) cells were maintained in DMEM (Wisent) supplemented with 10% FBS at 37°C and 5% CO~2~. The lentiviral transfer plasmids encoding the KTRs were co-transfected with plasmids encoding the packaging genes (viral Gag-pol) and the envelope gene, VSV-G, into the packaging HEK293T cells using jetPRIME transfection reagent (Polyplus Transfection New York, NY). The medium was changed 24 hr post-transfection and the viral supernatants were harvested 48 hr later, passed through a 0.45-μm syringe filter and frozen at −80°C. The retrovirus was thawed at room temperature and then used to transduce RPE1 cells with the respective lentiviral transduction particles. Resistant clones were selected in 4 μg/mL puromycin (InvivoGen, San Diego, CA) for 3 days, isolated using cloning cylinders, and subsequently expanded and maintained in puromycin-containing DMEM medium. In all experiments, cell density was monitored to avoid over-confluence and contact inhibition. All cell lines used in this study have been tested for and confirmed to be negative for mycoplasma contamination.

Compound screen {#s4-3}
---------------

Two internal Novartis sets of tool compounds were screened, the publicly known subset of compounds in the Mechanism-of-Action (MOA) Box (1609 compounds) and a Kinome Box (1637 compounds). The MOA Box is a dynamically managed annotated list of compounds that cover target, pathway, and bioactivity space as comprehensively as possible to facilitate biological discovery by screening and profiling experiments. Bioactivity annotations were derived from integrated in-house assays and external assay data sources containing a mixture of qualitative target assignments (Thomson Reuters Integrity, DrugBank, Novartis-nominated MOA Box members) or quantitative dose response-type experimental assay data (chEMBL, GVK GOSTAR, Novartis assay data). Compounds were prioritized per target based on availability, amount of target evidence and, if available, clinical phase, while limiting the number of compounds selected from any one assay, publication, or patent. At the time of screening, chemical modulators of 903 unique human primary targets were represented based on hand-annotation, typically by 1--5 compounds/target where a compound-target association was made. In total, 42% of MOA Box compounds have only one assigned primary target, and a mean of 2 primary targets. However, additional target coverage for MOA Box compounds could be inferred from, the integrated sources listed above, comprising 1964 total unique targets, such that 11% of members have only one inferable target and a median of 6 inferable targets. Target enrichment analysis, described below, was carried out using all possible targets (assigned and inferred from data). The target class coverage by percent of the MOA Box is as follows ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}): Non-kinase Enzymes (28%), Kinases (16%), GPCR (15%), Proteases (12%), Ion Channel (11%), Unclassified (4%), Transporters (3%), Other Receptors (3%), Nuclear Hormone Receptors (3%), Cytokines (3%), and \<1% each of Transcriptional Regulators, Signal Transducers and Structural Molecules. To assemble the Kinome Box, all physically-available inhibitors with publically-known structures having IC50 values \< 1 μM for a human kinase were filtered for only those inhibiting \<25 total kinases in integrated internal and external data. A total of 473 human kinases were covered by 1637 compounds (mean and median number of targets per compound equal to 5.4 and 2, respectively).

The screen was performed in 384-well μclear microplates (Greiner Bio-one, Monroe, NC). On day 1, 2000 cells per well were seeded in 30 μl medium. On day 2, compound was added to a final concentration of 1 μM, 3 μM or 10 μM (or 2 μM, 6 μM or 20 μM for Kinome Box) from a 2 mM or 10 mM stock solution using a Biomek FX with 384-well head (Beckman Coulter, Indianapolis, IN). The DMSO concentration was kept below or at 0.5% v/v. To reduce stochastic noise and promote overall screen accuracy, each compound was screened with three concentrations and duplicates.

Compound treatment {#s4-4}
------------------

The cells were seeded into 96-well μclear microplates (Greiner Bio-one, Monroe, NC) 16 hr prior to drug treatment. To perturb the p38, JNK and Erk pathways, the following specific inhibitors were used at the concentrations indicated in the figure legends. All compounds were dissolved in DMSO and diluted in DMEM when used. The concentrations have been selected to avoid severely interfering with cell proliferation or cause noticeable cell death. Twenty-four hours post compound treatment (control wells were treated with DMSO), the cells were treated and incubated with Rapamycin (30, 3, 0.3, 0.1 and 0.03 nM) for an additional 24 hr before fixation and staining, or for whole cell lysis. DMSO only (0.01--0.5% v/v in DMEM) was used as a negative control for all the compound treatment experiments.

To search for an appropriate working concentration of the MAPK inhibitors, we tested a series of different concentrations starting with the compounds IC50, as published by the vendors. However, it is worth noting that the IC50 of a given compound may vary from one cell line to another. Also, many reported IC50 are based on cell-free assays which highly depend on assay conditions and are usually much lower than the working concentrations that are relevant for cell culture. As an example, the reported IC50 (cell-free assay) of SB203580 on p38 ranges from 0.19 nM ([@bib16]) to 7 μM ([@bib62]). Because of these inherent inaccuracies in published IC50s, a range of concentrations for each of the chemical inhibitors were tested. To start, we performed four serial dilutions of each compound, where the lowest tested concentration was the compounds published IC50, as advertised by the vendor website. Compound concentrations that resulted in a significant decrease in cell number (e.g. half the cell number of the control wells) were deemed toxic and excluded from following analyses. For example, the compound PD184382 resulted in decreased cell count when used at concentrations higher than 300 nM. Conversely, if a given concentration (of a compound) resulted in a phenotype that is indistinguishable from wild-type, the entire concentration series for that specific compound was recalibrated to start at a higher concentration value. Examples of the latter include the compounds, TAK-715 and JNK inhibitor II. Using this procedure of calibration, we selected a specific working concentration for each of the compounds used in the study.

To examine the process of recovery in cell size, cells were treated with Torin2 (50 and 25 nM) for 24 hr, washed with PBS and re-incubated with fresh media for the times indicated. Cells were resuspended using trypsin and cell size and cell density was measured using the Multisizer 4 Coulter Counter (Beckman-Coulter, Mississauga, ON) or collected for whole cell lysis at time points indicated in the figures.

In the experiment using p38 or JNK KTRs, cells were seeded in 96 well plates and treated with rapamycin (30, 3, 0.3, 0.1, 0.03 nM and DMSO controls) for 24 hr. The cells were either fixed and stained or washed with PBS and replaced with fresh DMEM media for 6 hr before fixation and staining.

siRNA transfection {#s4-5}
------------------

RPE1-Geminin cells were seeded in 6-well plates at a density of 2 × 10^5^ cells/well. Twenty four hours post-seeding, the cells were transfected with SMARTpool siRNA (25 nM) using DharmaFECT one transfection reagent according to the manufacturer\'s instructions. Twenty hours post transfection, the cells were re-suspended using 0.05% trypsin-EDTA (Wisent) and re-seeded into 96-well µclear microplates (Greiner Bio-one, Monroe, NC) at a density of 5,000 cells/well. Six hours after re-seeding, cells were treated with rapamycin (30, 3, 0.3, 0.1 and 0.03 nM) or DMSO control for 24 hr before fixation and staining. The experimental procedures were optimized so there is no observable cell cycle arrest or cell death. Specifically, the siRNA-transfected cells were washed-out of transfection reagent and cultured in regular media when used for the assay with rapamycin concentration series. Cells were observed to continuously increase in number during the assay and proliferate with a similar rate as non-transfected cells.

Immunostaining {#s4-6}
--------------

The procedures followed the Cell Signaling protocol. Briefly, cells were first fixed with 4% PFA for 15 min, blocked in blocking buffer for 1 hr. Afterwards, samples were incubated in primary antibody at 4°C overnight, and subsequently secondary antibody for 1 hr before imaging.

Fixation, staining and imaging {#s4-7}
------------------------------

Cells were fixed in 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) for 10 min, followed by permeabilization in cold methanol at −20°C for 5 min. Cells were stained for cell size with 0.4 μg/mL Alexa Fluor 647 conjugated succinimidyl ester (SE) for 2 hr to nonspecifically label total protein content. The cells were then labeled for DNA with 1 μg/mL DAPI for 10 min. The cells were either imaged using an IN Cell Analyzer 2000 HCA system (GE Healthcare Life Sciences, Pittsburgh, PA) microscope at 10X magnification (compound screen) or using the Operetta High-Content Imaging System (Perkin Elmer, Woodbridge, ON) at 20X magnification (compound treatment and time-lapse experiments).

Whole cell lysis and western blotting {#s4-8}
-------------------------------------

To prepare whole cell lysates, cells were rinsed with ice-cold PBS and solubilized with RIPA Lysis Buffer (Boston Bio-Products, Boston MA) \[50 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 1 mM EGTA, 1% NP-40, 0.1% SDS and 0.5% sodium deoxycholate, pH 7.4\] supplemented with protease and phosphatase inhibitor Cocktail (Thermo Scientific, Burlington, ON). Protein concentration was determined using the BCA protein assay (Thermo Scientific, Burlington, ON) and suspended with 4X Bolt LDS Sample Buffer and 10X Bolt Reducing Agent and heated for 10 min at 70°C. Samples of equal protein were resolved by SDS-polyacrylamide gel electrophoresis and subjected to immunoblotting for proteins as indicated. The antibodies used for immunoblotting were all purchased from Cell Signaling Technology (Beverly, MA). All western-blot results in the figures have been reproduced in replicate experiments with cell lysates samples prepared in independent experiments.

Image processing and cell segmentation {#s4-9}
--------------------------------------

Automated image-processing pipelines have been developed using Matlab (RRID:[SCR_001622](https://scicrunch.org/resolver/SCR_001622)). The general scheme includes three steps: correction for background fluorescence and/or uneven illumination, cell segmentation, and feature quantification. Each step has been optimized according to microscopes, experimental design (e.g. fixed or live cell) and the features needed. The same image processing pipeline and parameters were applied identically to all images from the same experiment.

To correct for background fluorescence, a background image was constructed and applied per channel. There are two scenarios to construct a background image: either by averaging images containing few or no cells (in the compound screen); or by averaging the background region across all images collected (experiments with KTR cells, and in the time-lapse imaging). Uneven illumination was corrected for images from the compound screen in which the problem is obvious. A flat-field image has been constructed and applied for all channels. The flat-field image was constructed based on the fact that 2N peak in DNA distribution is invariant to cell positions in the image.

In the step of cell segmentation, nucleuses were first spotted through a nuclear channel (DNA or H2B), and segmented by seed-based watershed. When cell channel exists, the segmented nucleuses were further used as seeds to segment cells (SE channel) by watershed. The nuclear and cell border were detected with thresholds in corresponding channels, which were either automatically detected or manually selected based on need.

Following segmentation, each individual cell was processed to collect for its quantitative features, including total/average fluorescence per channel, nuclear size, *etc*.

To calculate the activity of the KTR, the fluorescent intensity of the KTR channel was collected and integrated within either the cytoplasmic region (identified by SE channel) or the nuclear region (identified by DAPI channel) to calculate the ratio of cytoplasmic to nuclear intensity. Note the integrated intensity correlates with the amount of fluorescent protein while intensity/brightness is usually used as an estimate for protein concentration. Further, measurements with integrated intensity is more robust to morphological changes, while brightness measured with epiflourescence could change dramatically depending on the thickness of the cell. As the experiment used in this study undergo extended treatment (over 20 hr) and the cells could change their morphology under treatment, it is more reasonable to use integrated intensity to estimate shuttling of proteins.

Cell cycle stages {#s4-10}
-----------------

Cells were first partitioned, according to the nuclear DNA level, into G1 (2N), S (2 N-4N) and G2 (4N) phase. Progression in G1 phase was further divided, based on fluorescence of nuclear Geminin (and nuclear Cdt1 if available) into early G1 (low Geminin), late G1 (medium Geminin, high Cdt1), and G1/S transition (higher Geminin, medium to high Cdt1). The thresholds were automatically detected based on distribution of DNA, log(Geminin) and log(Cdt1).

Estimation of cell cycle durations and growth rate from bulk measurements {#s4-11}
-------------------------------------------------------------------------

Cells were treated with inhibitors and fixed every 20 hr over a period of 3 days. The rate of cell proliferation and protein accumulation were calculated by fitting a log model (assuming that cells proliferate and increase protein content exponentially). To calculate the duration for each cell cycle stage, the cells were first portioned into G1, S and G2 to calculate the proportion of cells in each cell cycle stage. The duration of a cell cycle stage is then calculated with the following formula: $t = T \cdot \frac{PDF}{2 - CDF}$, where *t* is the duration of the specific cell cycle stage, PDF is the proportion of the cells in that stage, and CDF is the proportion of cells in or earlier than that stage. This formula is a simplification of the ERA method ([@bib25]).

Analysis of the compound screen {#s4-12}
-------------------------------

The analysis was performed per plate separately, due to observed variability among plates. After image-processing of the compound screen datasets, every well captures approximately 4000 cells. For each well, both cell size at early G1 stage (*S*) and proportions of cells in early G1 stage (*P*) were collected. The minimum volume ellipsoid (MVE) estimator ([@bib47]; [@bib46]) was applied to pick a smallest volume ellipsoid that consists of around 50% of the total sample. The MVE estimator was a reliable tool to identify robust trend and detect outliers in multivariate data. The subsample of minimum volume ellipsoid was used to calculate the robust covariance matrix (rCov), from which correlation coefficient between *S* and *P* was calculated per plate. Further, we calculated the Mahalanobis distance from each data point (a well) to the center of the ellipsoid, and performed thresholding (5% significance) to the Mahalanobis distance to detect the outlier wells. Intuitively, the outlier wells display drastic distinctive phenotype in early G1 cell size and/or its G1-length compared with the control wells (and most drug treatments). Based on rCov, the principle vector of \[*S, P*\] was calculated and the angle of each outlier well with reference to the major principle vector was computed. The outlier angles were used to classify on/off-axis outliers: outliers with an angle smaller than 45 degree were classified as on-axis outliers, and otherwise off-axis outliers. The on/off-axis outliers were further filtered separately to lower false-positive rate. In the compound screen, each compound has been tested for at least six times (three concentrations with duplicates); and compounds that have only been identified as outlier once among all treatments were excluded from further analysis. Next with the robust outliers, we performed the target enrichment analysis using hypergeometric test (Fisher's exact test) for each known target of the outliers to identify the target proteins that are significantly highly represented in the outlier compounds.

To identify compound treatments that increase cell size variability, median absolute deviation (MAD), a robust measure of variability, of cell size was calculated per well. We observed that cell size MAD is linearly correlated with median cell size (*r* = 0.964). Accordingly, we normalize the MAD by median cell size to obtain a robust measure of cell-to-cell variability within cell populations. For each well, its normalized MAD is compared to that of the control wells in the same plate to calculate a MAD score. To select for compound treatments with perturbed size variability, a threshold in MAD score was calculated based on the distribution of MAD scores of all control wells (1% significance). The outliers with higher MAD scores compared with the threshold were filtered for repeatability and enriched for target proteins the same way as described above.

Time-lapse microscopy {#s4-13}
---------------------

RPE1 cells with stable expression of H2B-mTurquoise and Geminin-mVenus were seeded in 96-well μclear microplates (Greiner Bio-one, Monroe, NC) and grown in the incubator for at least 6 hr prior to imaging. The cells were imaged with the Operetta High-Content Imaging System. During the imaging, the plate was incubated in the live cell chamber (37°C, 5% CO~2~) and grown in the FluoroBrite DMEM supplemented with FBS, L-glutamine and Sodium Pyruvate. As the cells were previously cultured in regular DMEM and displayed suboptimal cell proliferation after switching to FluoroBrite DMEM, the cells were grown in FluoroBrite medium for a period of 2 weeks to adapt to the new medium before the time-lapse experiments. Widefield fluorescent images of H2B-mTurquoise and Geminin-mVenus were collected every 15 min at 20X magnification for 50 hr. Under this experimental setting, the microscope could support imaging of up to four wells every time.

Automated lineage tracking and analysis {#s4-14}
---------------------------------------

The live-cell images were first processed with the cell-segmentation pipeline to obtain single-cell features including cell position, fluorescent intensity and nuclear size. Subsequently, cells from each time point *T* were compared with the ones from *T* + 1 to track for cell motion and division by searching for the globally optimal matches between neighboring time points ([@bib26]). Parameters used for tracking were automatically calculated based on distribution of cell features and confirmed in subsamples by eye. As output from tracking, each track starts with either appearance (first time point, or cell move into image field) or cell birth (with known mother and sister cell), and end with disappearance (last time point, or cell move out of image field) or cell division (with known daughter cells). After tracking, the individual cell tracks were further filtered to select for accurate tracks with the full cell cycle captured. Specifically, the algorithm selects for cell tracks that start with typical features of cell birth, end with typical features of mitosis and have relatively smooth fluorescence dynamics. Further, for each full cell cycle track, swift rise in Geminin level was detected to quantify early G1 duration. Initial nuclear size is estimated by averaging the first nine data points (\~2.5 hr) after cell birth to decrease noise. Similarly, nuclear size at G1/S transition is estimated by averaging the ±4 data points (\~2.5 hr) at time point of G1/S transition. Nuclear size measurements collected during mitosis were excluded from analysis, as H2B-mTurquoise does not accurately depict nuclear size during mitosis when nuclear envelope breaks down and chromosome condenses. To calculate growth rate in nuclear size, dynamics of individual nuclear size over entire cell cycle was first fitted with a smoothing spline model. The dynamics of the growth rate is then calculated with the first derivative of the fitting result.
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"Size uniformity of animal cells is actively maintained by a p38 MAPK-dependent regulation of G1-length\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, one of whom is a member of our Board of Reviewing Editors, and the evaluation has been overseen by Marianne Bronner as the Senior Editor.

While the three reviewers agreed that the paper addresses an important topic and reports some very relevant and potentially important results in identifying P38 in size sensing, reviewers 1 and 3 raised a number of very substantial criticisms. Some of their queries relate to unclear presentation, whereas others relate to data that apparently don\'t support the paper\'s conclusions. These of course must be dealt with.

The Reviewing Editor has drafted this consolidated review to help define the key issues we believe must be addressed before the Board and reviewers can make a binding decision.

Summary:

In this manuscript, the authors probe the molecular regulation of cell size regulation during G1 phase. Starting from a small molecule screen, they identify the p38 MAPK pathway as important to link cell size with cell cycle progression. By modulating cell size through TOR inhibition, they show that p38 and upstream regulatory kinases are required for G1 phase extension in small cells. They propose that p38 becomes activated in response to changes in size and controls G1 duration to ensure cell size uniformity. Cell size homeostasis is very poorly understood in nearly all cell types. Thus, the finding that p38 MAPK plays an important role is a first molecular entry into understanding cell size regulation at molecular level in animal cells. This is likely to be an important finding.

Essential revisions:

1\) The text, Materials and methods, and figure legends lack important details necessary to interpret the data shown. What are all the points in the graphs ([Figures 2D](#fig2){ref-type="fig"}, [3A, 3C](#fig3){ref-type="fig"}, [4C](#fig4){ref-type="fig"}). Are these replicates or a time series of concentration series? How many cells make up each data-point?

2\) [Figure 2](#fig2){ref-type="fig"} is very difficult to read. The size of the dots in panels A and B is not explained. The difference between data shown in panels A and B (non-SB203580-treated) is not clear.

In panel D, the choice of concentration of each of the inhibitors is not explained. It would make sense to use concentrations that correspond to the IC50 for each inhibitor, or fraction thereof, such that different inhibitors can be compared (i.e. at \`low dose\` the chosen concentrations vary from known 3 to 100 fold the known IC50 for these compounds). This is especially important for compounds showing no phenotype -- one needs to be sure that the pathway is indeed inhibited at the concentration used. It would be also necessary to state that off-target effects are also possible, and thus p38 is one candidate regulator but others are not excluded. Especially for the high dose treatment used for SB203580, PKB could potentially be inhibited. In this panel, it would also help to color each dot to indicate the different rapamycin concentrations used, as in panel A.

3\) The P38 inhibitors make the cells very, very small, but this isn\'t discussed. Is their growth rate changed? Division rate? It\'s not until [Figure 4---figure supplement 1](#fig4s1){ref-type="fig"} that some data on this important fact is shown. A complete cell cycle analysis of these cells seems essential. Are they delayed in G2? What is their growth rate and division rate?

4\) The western blots shown in panel 2C are not convincing and do not support several of claims made in the text. p-p38 doesn\'t increase with TOR inhibition, and worse, it doesn\'t decrease with the P38 inhibitor. This is a critical flaw. We do not see upregulation of p27. We do not see evidence that p38 inhibition disrupts the effect of rapamycin on the expression levels of cell cycle regulators. We also do not see that p38 is activated when cell size is decreased by inhibition of mTOR. In summary, these data should be obtained in several repeats (at least 3), quantified, and statistics shown. The data as shown raise grave doubts as to the paper\'s conclusions.

5\) In [Figure 4D](#fig4){ref-type="fig"} and supplements, I do not understand the rationale for performing measurements over 48h after Torin removal, when the authors showed in panel A-B that the meaningful time to look at size-altered cells is between 1 and 20 hours post-Torin wash-out. In 4D, the only timepoint that falls within this interval is the 6h timepoint, and it does not look like this one is different from the control upon p38 inhibition. Thus I am left unconvinced by this data.

6\) The logical flow of the paper is clear and compelling but with the one caveat other explanations might be found for the delayed kinetic response of p38 inactivation after mTOR inhibitor washout. For instance, it could simply be that the kinetics of p38 inactivation are slower than for mTOR recovery, i.e., that the small size is not directly the cause of p38 activation. In other contexts, how fast is p38 inactivated after a stimulus is removed? I don\'t see an obvious experiment to address this issue.

7\) The raw screen data does not appear to be reported in a supplementary table so it is not possible for the analysis to be confirmed, or for further information to be extracted from the data after publication. The raw data for each compound in the screen should be explicitly provided in a supplementary table so it is easy for readers to access.

8\) The authors state that loss of p38 increases cell size variability, but little if any data is provided that directly support this important, central point.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

Thank you for resubmitting your work entitled \"Size uniformity of animal cells is actively maintained by a p38 MAPK-dependent regulation of G1-length\" for further consideration at *eLife*. Your revised article has been favorably evaluated by Marianne Bronner as Senior editor and two reviewers, one of whom is a member of our Board of Reviewing Editors.

The manuscript has been improved but there are some remaining issues that need to be addressed before acceptance. As you can see from the reviews, appended below, the reviewers appreciated the careful revisions you submitted, and agreed that the paper reports an important new discovery about cell size control and cell cycle progression that warrants publication. They felt the presentation was much improved, and found the central data on P38 convincing. The reviewers do include several comments about how the paper could be improved further, and I encourage you to address these in the final revision. However further data from new experiments is not required at this stage. Thanks for your patience with the review process -- I must apologize for it taking so long.

Reviewer \#1:

As before, this paper reports a detailed analysis of the relationship between cell size and cell cycle progression that includes a large screen for compounds that disrupt this relationship. The methods for studying this relationship are innovative, high throughput, and accurate, and the screen convincingly pulled out inhibitors of P38-MAPK as agents that specifically disrupt the normal proportional relationship between cell size and cell cycle stage. The revision is much improved. It is now more concise and easy to read, and contains many important details of methods that were previously missing. Some distracting, irrelevant data has been removed and a few additional tests and analyses have been added that enhance the presentation. The central points, namely that cell size and cell cycle stage are normally coupled in human cells, and that loss of P38 can sever this coupling, are very well supported. This function of P38 appears to be somewhat unique, as well as unexpected, and warrants a good report in the public literature. However the paper still could be more compelling if more were reported about how p38 senses normal size/cell proportionality, and how it affects the cell cycle to maintain size uniformity. With regards to this latter point, the authors suggest it may work via the cyclin kinase inhibitor p27, which show\'s levels changes consistent with a regulatory function. However the p27 expression data here is cursory, and it\'s function in size maintenance is never tested, which is unfortunate. I would like to encourage the authors to perform a few functional tests of P27, since demonstrating that it\'s response is meaningful could enhance the paper a lot.

Reviewer \#2:

In my opinion, the authors have addressed all main issues raised by the reviewers. The manuscript is much more clearly written, and in particular the logical flow and main observations are now explained in sufficient detail to easily understand the thrust of the manuscript. To reiterate my main positive sentiments, the recognition that off-axis compounds are informative for size coupling represents a significant insight into size control, and stands in marked contrast to most previous genetic analysis of cell size that revealed on-axis pathways (PI3K, Akt, mTOR). This argument is convincingly exemplified for p38, as many compounds implicated in p38 regulation cause off-axis effects and increases in size variability. Appropriate consideration is now given to issues of chemical inhibitor specificity, and additional genetic controls clearly implicate the p38 kinases in G1 phase-specific size regulation. The mTOR inhibitor cell size recovery experiments are also much better explained and supported by additional controls. While the manuscript does not identify the precise mechanisms whereby p38 regulates size, a tantalizing correlation with p27 levels is provided, which should form the basis for interesting follow-on studies. Overall, this is a compelling manuscript that illuminates p38 as a key new component of size control in human cells.

10.7554/eLife.26947.042

Author response

> Essential revisions:
>
> 1\) The text, Materials and methods, and figure legends lack important details necessary to interpret the data shown. What are all the points in the graphs ([Figures 2D](#fig2){ref-type="fig"}, [3A, 3C](#fig3){ref-type="fig"}, [4C](#fig4){ref-type="fig"}). Are these replicates or a time series of concentration series? How many cells make up each data-point?

In the revised manuscript, we added detailed descriptions to the legends of each of the figures mentioned in the referee's comments above. In addition, we added explanatory details to the main article text to make the experimental procedures and figures as clear as possible.

As to the referee's specific question. We quote from the revised figure legends of [Figure 2A](#fig2){ref-type="fig"}:

"Samples of unsynchronized cells were treated with increasing concentrations of rapamycin (a rapamycin concentration series) for a period of 24 hours, and then stained and imaged to quantify cell size and cell cycle stage on a single cell basis. \[...\] Each data point was measured from an unsynchronized population with a minimum of 7,000 cells."

The number of cells that make up each data-point differs by experiment and treatments. The specific cell number for each experiments is indicated in the corresponding figure legends (minimal 3000 cells).

We also improved the representation of these figures by using circle size to discriminate different rapamycin concentrations. Consistent in all figures, larger circle size indicates a higher rapamycin concentration.

> 2\) [Figure 2](#fig2){ref-type="fig"} is very difficult to read. The size of the dots in panels A and B is not explained. The difference between data shown in panels A and B (non-SB203580-treated) is not clear.

We revised the visualization of [Figure 2](#fig2){ref-type="fig"} as indicated in response to major point \#1. The size of the dots is used to distinguish different concentrations of rapamycin treatment.

In the revised [Figure 2](#fig2){ref-type="fig"}, panel A is dedicated solely to demonstrate and describe the experimental assay that we developed to quantify the correlation of cell size and G1-length. Panel B of [Figure 2](#fig2){ref-type="fig"} implements this assay to test how p38 inhibition (red points) influences the correlation of cell size and G1 length, as compared to control condition where p38 is not inhibited (blue points).

We revised the legend for [Figure 2B](#fig2){ref-type="fig"} to improve clarity, as quoted below:

"The experiment described in panel A is repeated with (red) or without (blue) a chemical inhibitor of p38 (SB203580, 5 μM). The negative correlation between the size of early G1 cells and the proportion of cells in G1 is apparent in populations not treated with SB203580 (blue) but not in the populations that are treated with SB203580. The blue and red trend lines represent linear regressions."

> In panel D, the choice of concentration of each of the inhibitors is not explained. It would make sense to use concentrations that correspond to the IC50 for each inhibitor, or fraction thereof, such that different inhibitors can be compared (i.e. at \`low dose\` the chosen concentrations vary from known 3 to 100 fold the known IC50 for these compounds). This is especially important for compounds showing no phenotype -- one needs to be sure that the pathway is indeed inhibited at the concentration used. It would be also necessary to state that off-target effects are also possible, and thus p38 is one candidate regulator but others are not excluded. Especially for the high dose treatment used for SB203580, PKB could potentially be inhibited. In this panel, it would also help to color each dot to indicate the different rapamycin concentrations used, as in panel A.

We accept the referee's criticism. In the revised manuscript, we now include detailed description in the Materials and methods section (Compound treatment) on how we chose the specific concentrations of the chemical inhibitors used in the study. Below is a quote from the revised Materials and methods section that addresses this concern:

"To search for an appropriate working concentration of the MAPK inhibitors, we tested a series of different concentrations starting with the compounds IC50, as published by the vendors. \[...\] Using this procedure of calibration, we selected a specific working concentration for each of the compounds used in the study."

To demonstrate the quality of our selected concentration series, we include a new revised supplementary figure showing the dose-dependent influence of p38 inhibitors on cell size and on the proportion of cells in G1, for all 4 tested concentrations ([Figure 2---figure supplement 3](#fig2s3){ref-type="fig"}).

The reviewer has suggested two possible concerns regarding the choice of compound concentrations.

"... compounds showing no phenotype -- one needs to be sure that the pathway is indeed inhibited at the concentration used." We agree with the referee's suggestion. We used western blots to confirm that the inhibitors indeed inhibit their target pathways at the concentrations used ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). In addition, while our experiments show that chemical inhibitors of Erk and JNK did not disrupt the correlation of cell size and G1-length, these inhibitors did exert significant influence on cell size ([Figure 2D](#fig2){ref-type="fig"}, compare the red points to the blue points on cell size axis). This confirms that while these compounds had little or no influence on one phenotype (the coordination of size and G1), they did display an influence on other phenotypes, e.g. cell size. To preemptively avoid confusion, we stress in the article main text that while these inhibitors increase or decrease cell size, the coordination with of size and G1 length is maintained under their influence, as quoted below:

"By contrast, inhibitors of JNK or ERK/MEK, do not significantly weaken the correlation of size and G1 length. Instead, these inhibitors shift the correlation to larger or smaller values of cell size ([Figure 2 D and E](#fig2){ref-type="fig"})."

"It would be also necessary to state that off-target effects are also possible, and thus p38 is one candidate regulator but others are not excluded. Especially for the high dose treatment used for SB203580, PKB could potentially be inhibited." We agree. Off-target effects are a real concern when using chemical inhibitors. To confirm that the observed phenotypes are, indeed, unique to p38 and not the result of off-target effects, we relied on two parallel experimental strategies. One, using a number of structurally different chemical inhibitors rather than relying on one single inhibitor. Two, using genetic perturbations to validate the predictions of the chemical perturbations. Specifically, we quote from the revised version of the manuscript:

"Our results show that, consistently, inhibitors of p38 disrupt the negative correlation of size and the proportion of cells in G1 ([Figure 2 B-E](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}, 2 and 3). This result was observed with multiple chemical inhibitors of p38 that are distinct in chemical structure (Gaestel et al., 2007), making it less likely that the observed phenotype is owed to off-target effects."

Also, to further alleviate the concern of artifacts caused by chemical inhibitors, we additionally validated our conclusions by genetically knocking down p38 pathway components with siRNAs ([Figure 4](#fig4){ref-type="fig"}).

> 3\) The P38 inhibitors make the cells very, very small, but this isn\'t discussed. Is their growth rate changed? Division rate? It\'s not until [Figure 4---figure supplement 1](#fig4s1){ref-type="fig"} that some data on this important fact is shown. A complete cell cycle analysis of these cells seems essential. Are they delayed in G2? What is their growth rate and division rate?

We thank the reviewers for this advice. In the revised manuscript, we include detailed discussion on the influence of p38 on cell size. Also, we provide new data from comprehensive cell cycle analyses, examining how inhibition of p38 influences each of the different cell cycle stages. To assist the referees, we provide below a quote from the revised manuscript that describes these new results.

"In addition to weakening the correlation of G1 length and cell size, p38 inhibitors also cause a reduction in average cell size ([Figure 2 B and D](#fig2){ref-type="fig"}). \[...\]For each collected sample, we measured the total bulk protein mass and total cell count, which were then used to estimate the average rate of cell growth and the average rate of cell division (see Materials and methods -- Estimation of cell cycle durations and growth rate from bulk measurements).

As shown in [Figures 3](#fig3){ref-type="fig"},7 inhibition results in shorter cell cycles ([Figure 3 B and D](#fig3){ref-type="fig"}, [Figure 3---figure supplement 3B](#fig3s3){ref-type="fig"}), with a consequential increase in rates of cell division ([Figure 3A](#fig3){ref-type="fig"}). In addition, the results show that the shortened cell cycle length caused by p38 inhibitors is owed to a decrease in G1 length ([Figure 3 E](#fig3){ref-type="fig"} and [Figure 3---figure supplement 3C](#fig3s3){ref-type="fig"}) with no significant changes in the lengths of S phase or G2 ([Figure 3F](#fig3){ref-type="fig"}, [Figure 3---figure supplement 3](#fig3s3){ref-type="fig"} D and E). At G1/S transition, cells subject to p38 inhibition have smaller nucleus size as compared to control ([Figure 3C](#fig3){ref-type="fig"}). This decrease in cell size is caused by a shorter growth duration (in G1) rather than a slower growth rate. This conclusion is independently demonstrated by each of the two experiments described above, both showing similar growth rates for p38-inhibited cells and control cells ([Figure 3---figure supplement 3F](#fig3s3){ref-type="fig"}, [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). Altogether, this suggests that the p38 pathway mediates a cell size checkpoint at the G1 transition, selectively allowing large but not small cells to progress into S phase. Potentially, this model also explains why p38 inhibitors reduce cell size. By disrupting the cell size checkpoint, p38 inhibitors cause cells to progress through the G1/S transition with prematurely small size, causing an overall reduction in cell size."

> 4\) The western blots shown in panel 2C are not convincing and do not support several of claims made in the text. p-p38 doesn\'t increase with TOR inhibition, and worse, it doesn\'t decrease with the P38 inhibitor. This is a critical flaw. We do not see upregulation of p27. We do not see evidence that p38 inhibition disrupts the effect of rapamycin on the expression levels of cell cycle regulators. We also do not see that p38 is activated when cell size is decreased by inhibition of mTOR. In summary, these data should be obtained in several repeats (at least 3), quantified, and statistics shown. The data as shown raise grave doubts as to the paper\'s conclusions.

We thank the referees for identifying this point of confusion. The confusion that the referee points out is the result of our failure to appropriately explain our experiment and its expected outcomes. In the revised manuscript, we now added a new section that clarifies and explains this better. In the revised manuscript, this new section is under the title: p38 mediates the size-dependent G1 length extension by influencing G1/S regulators. Briefly, the western blots that the referee's comment address were designed to test which cell cycle regulators mediate the influence of p38 on cell cycle progression.

To address the specific question of the reviewer, we now include in the legend of [Figure 2C](#fig2){ref-type="fig"} of the revised manuscript, an explanation as to why p-p38 does not decrease with the p38 inhibitor. For the convenience of the editors and referees, we add below a quote from this revised section:

"The increased levels of phopho-p38 in the population that is treated with SB203580 (a p38 inhibitor) should not be interpreted as a lack of efficacy of SB203580. Rather, these higher levels of phopho-p38 are explained by a negative feedback in the p38 pathway (Arthur and Ley, 2013), and the fact that while p38 inhibitors prevent p-p38 from phosphorylating its downstream substrates, these inhibitors do not block phosphorylation of p38 itself by upstream regulators (Kumar et al., 1999)."

As suggested, we repeated this western-blot experiments 3 times and quantified how inhibition of mTOR pathway and/or p38 pathway affects levels of p-p38, p-CREB (downstream of p38) and p27. The results of this quantification have been added as a new supplementary figure ([Figure 2---figure supplement 4](#fig2s4){ref-type="fig"}). In addition to the experiments with rapamycin, we now included new experiments with Torin-2, a more potent mTOR inhibitor that decrease cell size to greater extents. As a result, the new manuscript includes a new [Figure 2C](#fig2){ref-type="fig"}, which now displays results of both rapamycin and Torin-2. To assist the editors and referees, we present below a quote from the revised manuscript that describes these new results:

"To test the mechanisms of the p38-mediated cell size checkpoint, we treated cells with inhibitors of mTOR, rapamycin and Torin-2, to induce a size-dependent lengthening of G1. \[...\]We suggest that this may be the mechanism explaining how inhibition of p38 disrupts the compensatory G1 lengthening in small cells." (From Results section -- p38 mediates the size-dependent G1 length extension by influencing G1/S regulators)

Also described in the [Figure 2---figure supplement 4](#fig2s4){ref-type="fig"} legend: "Treatment of rapamycin or Torin-2 increases both p-p38 and p-CREB, confirming that activity in the p38 pathway is upregulated under mTORC1 inhibition. \[...\] This may be the mechanism by which p38 inhibition disturbs the cells' ability to compensate their small size with longer G1."

> 5\) In [Figure 4D](#fig4){ref-type="fig"} and supplements, I do not understand the rationale for performing measurements over 48h after Torin removal, when the authors showed in panel A-B that the meaningful time to look at size-altered cells is between 1 and 20 hours post-Torin wash-out. In 4D, the only timepoint that falls within this interval is the 6h timepoint, and it does not look like this one is different from the control upon p38 inhibition. Thus I am left unconvinced by this data.

The reviewer's comment can be broken into two separate concerns. One, why did we decide to measure cell size at time points that are longer than 20 hours post Torin-washout? Two, the referee is concerned by the fact that p38 inhibition did not block recovery of cell size in the early time points (6h).

To address the questions, we have now added detailed explanations in the Results section -- Inhibition of p38 represses recovery of cell size, as quoted below:

"As a final test for the hypothesis that p38 plays a role in the maintenance of cell size, we asked if p38 activity is required for cells that are recovering from perturbations of cell size. \[...\]This delay may hint that the cell growth cycle depends on a commitment point that is cell-cycle-stage-dependent, analogous to the restriction point that regulates the cell division cycle (Blagosklonny and Pardee, 2002)."

> 6\) The logical flow of the paper is clear and compelling but with the one caveat other explanations might be found for the delayed kinetic response of p38 inactivation after mTOR inhibitor washout. For instance, it could simply be that the kinetics of p38 inactivation are slower than for mTOR recovery, i.e., that the small size is not directly the cause of p38 activation. In other contexts, how fast is p38 inactivated after a stimulus is removed? I don\'t see an obvious experiment to address this issue.

We agree with the reviewer's critique. If the p38 pathway has slow inactivation kinetics, we should expect slow recovery of p38 activity even in cases where cell size is unperturbed. To examine this possibility, we performed two sets of new experiments which show that the sustained p38 activation after washout of mTOR inhibitor is due to changes in cell size rather than slow inactivation kinetics of the pathway. In the revised manuscript, we added several new figures of the results ([Figure 5 D and E](#fig5){ref-type="fig"}, [Figure 5---figure supplements 3](#fig5s3){ref-type="fig"},[5](#fig5s5){ref-type="fig"}) and a detailed description in the main article text. For convenience of the referees, we add below a quote from the revised manuscript that addresses these new results:

"The sustained p38 activity, which proceeds hours after mTOR activity has resumed normal levels of activity, supports the hypothesis that it is the reduction in cell size and not inhibition of mTOR that activates p38. \[...\] These results suggest that the sustained activity of p38 accompanying the recovery of cell size results in reduction in cell size rather than mTOR inhibition or slow inactivation kinetics of p38 signaling."

> 7\) The raw screen data does not appear to be reported in a supplementary table so it is not possible for the analysis to be confirmed, or for further information to be extracted from the data after publication. The raw data for each compound in the screen should be explicitly provided in a supplementary table so it is easy for readers to access.

We are happy to comply with this request. With the resubmission, we will provide two datasets of "raw data".

Dataset \#1: Images of cells from all wells in the drug screen (\~300 GB).

Dataset \# 2: Single-cell measurements that were obtained from image-processing of the raw images in dataset \#1 (\~ 6GB).

Due to the large size of the datasets, we will upload the data to a publicly-available platform.

> 8\) The authors state that loss of p38 increases cell size variability, but little if any data is provided that directly support this important, central point.

We now added, to the revised manuscript, a figure ([Figure 3---figure supplement 3A](#fig3s3){ref-type="fig"}) that shows the increased variance in p38-inhibited cells. We quote the reference to this new figure in the revised manuscript "... as expected from perturbations of size checkpoints, inhibition of p38 increases the variability in cell size ([Figure 3---figure supplement 3A](#fig3s3){ref-type="fig"})."

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

> Reviewer \#1:
>
> As before, this paper reports a detailed analysis of the relationship between cell size and cell cycle progression that includes a large screen for compounds that disrupt this relationship. The methods for studying this relationship are innovative, high throughput, and accurate, and the screen convincingly pulled out inhibitors of P38-MAPK as agents that specifically disrupt the normal proportional relationship between cell size and cell cycle stage. The revision is much improved. It is now more concise and easy to read, and contains many important details of methods that were previously missing. Some distracting, irrelevant data has been removed and a few additional tests and analyses have been added that enhance the presentation. The central points, namely that cell size and cell cycle stage are normally coupled in human cells, and that loss of P38 can sever this coupling, are very well supported. This function of P38 appears to be somewhat unique, as well as unexpected, and warrants a good report in the public literature. However the paper still could be more compelling if more were reported about how p38 senses normal size/cell proportionality, and how it affects the cell cycle to maintain size uniformity. With regards to this latter point, the authors suggest it may work via the cyclin kinase inhibitor p27, which show\'s levels changes consistent with a regulatory function. However the p27 expression data here is cursory, and it\'s function in size maintenance is never tested, which is unfortunate. I would like to encourage the authors to perform a few functional tests of P27, since demonstrating that it\'s response is meaningful could enhance the paper a lot.

To address this comment, we added in the new manuscript short discussions regarding the point. The discussion is quoted as below.

"By probing for the major regulators of G1-S transition, our results suggest that the cell cycle inhibitor p27 may play a role in how p38 affects cell cycle to maintain cell size uniformity ([Figure 2](#fig2){ref-type="fig"}). However, it is worth noting that, in addition to p27, previous literature has implicated several other G1 regulators as p38 effectors. It is, therefore, not unlikely that the influence of p38 on G1 length is redundantly mediated by multiple branches of signaling. In future investigations, it will be interesting to examine the specific mechanisms that explain how p38 promotes cell size uniformity and, crucially, identify how p38 'senses' cell size."

[^1]: These authors contributed equally to this work.
